Coated-platelets are procoagulant platelets observed upon dual-agonist stimulation with collagen and thrombin. Coated-platelet levels are elevated in patients with nonlacunar (large-vessel) ischemic stroke and decreased in patients with spontaneous intracerebral hemorrhage as compared with controls. The purpose of this study was to investigate a possible relationship between coated-platelet levels and stroke recurrence in patients with nonlacunar ischemic stroke. We assayed coated-platelet levels in 190 consecutive patients with nonlacunar stroke who were followed for up to 12 months; 20 subjects experienced recurrent stroke. Subjects were categorized into tertiles of coated-platelet levels. The distributions of time-to-recurrent stroke were estimated for each tertile using cumulative incidence curves and compared statistically using a log-rank test. The cumulative incidence of recurrent stroke at 12 months differed among the coated-platelet tertiles: 2% for the first tertile (lowest coated-platelet levels), 18% for the second tertile, and 17% for the third tertile (overall log-rank test, P ¼ 0.019). These data suggest that higher levels of coated-platelets, measured shortly after a nonlacunar stroke, are associated with an increased incidence of stroke recurrence. This observation offers an additional tool for identifying patients at highest risk for stroke recurrence following a nonlacunar (large-vessel) infarct.
INTRODUCTION
Coated-platelets are a subpopulation of platelets observed upon dual-agonist stimulation with collagen and thrombin. 1, 2 First described in 2000, this subset of activated platelets expresses surface phosphatidylserine, supports a robust prothrombinase activity, and retains high levels of several procoagulant proteins on the cell surface, including factor V, fibrinogen, and von Willebrand factor. [1] [2] [3] [4] [5] Because thrombin generation is the central event in coagulation, coated-platelets are considered to be prothrombotic. 1 This conclusion is supported by a genetically determined absence of coated-platelets in German shepherd dogs that results in a bleeding diathesis, 6 as well as by several observations detailed below concerning coated-platelets in stroke.
In healthy controls without a history of stroke, the coatedplatelet subpopulation represents on average 30% of all platelets, although the range observed is quite wide. 1, 7 Studies in humans and experimental animals have identified several modifiers of coated-platelet levels, including inflammation and some antiplatelet medications. [7] [8] [9] Previous studies in ischemic stroke indicated that mean coatedplatelet levels are elevated in patients with nonlacunar (largevessel) ischemic stroke compared with either controls without a history of stroke or patients with lacunar (small-vessel) ischemic stroke. 10 Furthermore, the presence of early hemorrhagic transformation in patients with nonlacunar ischemic stroke was associated with lower coated-platelet levels. 11 In contrast to the findings in ischemic stroke, we noted that patients with spontaneous intracerebral hemorrhage had significantly lower coated-platelet levels shortly after the hemorrhagic event compared with normal controls and that these levels inversely correlated with the size of the bleed. 12, 13 Because of the wide range of coated-platelet levels observed within the nonlacunar stroke population, 10, 11 we decided to investigate a possible relationship between coated-platelet levels and stroke recurrence in patients with nonlacunar ischemic stroke. We hypothesized that higher levels of coated-platelets measured at the time of the initial nonlacunar ischemic stroke would be associated with stroke recurrence.
MATERIALS AND METHODS Subjects
The study was approved by the Institutional Review Board of the University of Oklahoma Health Sciences Center (OUHSC). Individual informed consent was obtained for all study subjects in accordance with the OUHSC and the Oklahoma City Veterans Administration Medical Center (VAMC) rules and regulations. The study was carried out in accordance with the Helsinki Declaration of 1975 (and as revised in 1983).
One hundred and ninety consecutive, eligible patients with a diagnosis of nonlacunar ischemic stroke based on TOAST criteria 14 were recruited from the Neurology service at the OUHSC and the VAMC between 15 October 2007 and 15 January 2011. During this time interval, a total of 374 patients were admitted with diagnosis of nonlacunar ischemic stroke based on TOAST criteria. Of these patients, 92 declined to participate. Of the remaining 282 patients, 190 (67%) were recruited for our study. The main factors precluding recruitment were 496 hours between the actual onset of the symptoms and enrollment and administration of thrombolytic therapy or anticoagulation for the current stroke before collection of blood for determining coated-platelet levels.
Exclusion criteria included administration of anticoagulants or thrombolytics for the current stroke before enrollment, prolonged coagulation tests (prothrombin time, partial thromboplastin time and international normalized ratio) on admission, 496 hours between the onset of the symptoms and enrollment, imaging evidence of small-vessel (lacunar) stroke as defined by TOAST criteria, 14 prior dementia or evidence of primary intracerebral hemorrhage or tumor. These exclusion criteria were prompted by the potentially confounding effects of heparin and thrombolytics on coated-platelet measurements, the observation that changes in coated-platelet production in animals after physiological manipulation require a minimum of 4 days to manifest, 1 and previously published coated-platelet abnormalities in Alzheimer disease and intracerebral hemorrhage. 12, 13, 15, 16 All patients were diagnosed with nonlacunar ischemic stroke by a board certified neurologist and underwent initial brain CT (computed tomography) scan followed by brain MRI (magnetic resonance imaging) studies, or repeat brain CT (if MRI was contraindicated) within 12 to 24 hours to confirm the presence of cerebral ischemia. 17 The diagnosis of nonlacunar ischemic stroke was based on clinical and imaging data and published criteria. 14 Additional investigations included carotid ultrasound studies and echocardiogram/ECG, along with routine laboratory studies including coagulation studies and complete blood count, serum chemistry, troponin, and creatine kinase levels. The neuroradiologist reading the imaging studies and the neurologist establishing the diagnosis were not aware of the coated-platelet measurements.
Smoking status, 7 gender, race, age, National Institutes of Health Stroke Scale score, history of atrial fibrillation, hypertension, hypercholesterolemia, and large artery disease, and use of medications that may influence coated-platelet levels, such as SSRI (selective serotonin reuptake inhibitors), HMG-CoA reductase inhibitors (statins) or antiplatelet medications, 1, 7, 8 were recorded at the time of enrollment for each patient and reflected prehospitalization status and medication use. The use of medications that may influence coated-platelet levels (listed above), and additional treatments, such as anticoagulation or surgical/endovascular treatment for stroke prevention were recorded at the time of discharge. Additional information recorded included a history of diabetes or end stage renal disease as previous research has noted abnormal coated-platelet levels in these conditions, 9, 18 and cardioembolism as the source of stroke due to potential differences in recurrence rates between cardioembolic and noncardioembolic strokes. [19] [20] [21] Stroke recurrence was defined as a new neurologic deficit with sudden onset occurring after study enrollment and 424 hours after the initial diagnosis of stroke with symptoms lasting 424 hours and not due to edema, mass effect, brain shift syndrome, hemorrhagic transformation, or secondary to a procedure. 19, 20, 22, 23 The diagnosis of recurrent ischemic stroke was established by a neurologist. Repeat brain MRI and CT studies were performed and this information was recorded in the medical chart. All stroke recurrence data were obtained through review of medical records at the time of discharge, progress notes from the outpatient stroke clinic visits scheduled at B1, 3, 6, 9, and 12 months following the initial infarct, notes from the primary care provider visits and medical records from outside facilities, if the patient was admitted to another medical facility for recurrent medical problems. In addition, telephone contact was maintained with patients and/or caregivers at 3, 6, 9, and 12 months as an additional source of information regarding stroke recurrence and to minimize loss to follow-up.
Coated-Platelet Assay
After obtaining informed consent, 5 mL of blood was drawn into a plastic syringe containing 0.5 mL of acid citrate dextrose, and PRP (platelet-rich plasma) was prepared as previously described. 10 Coated-platelets were assayed 10 with 1 mL of PRP in a 100-mL assay with the following reagents (final concentrations): 1.0 mg/mL biotin-fibrinogen, 0.4 mmol/L gly-pro-argpro-amide, 500 ng/mL convulxin, 0.5 U/mL bovine thrombin, 2 mmol/L CaCl 2 , 1 mmol/L MgCl 2 , 150 mmol/L NaCl, and 10 mmol/L N-(2hydroxyethyl)-piperazine-N 0 -(4-butanesulfonic acid) (HEPES), pH 7.5. After 5 minutes at 371, 0.8 mg of phycoerythrin-streptavidin and 0.5 mg of FITCabciximab were added. After an additional 5 minutes at 371, the reaction was stopped with 0.2 mL of 1.5% (w/v) formalin in 150 mmol/L NaCl, 10 mmol/L HEPES, pH 7.5. The percentage of abciximab-positive events (platelets) with bound biotin-fibrinogen was quantitated by flow cytometry. Results are reported as percent of cells converted to coatedplatelets. Individuals performing the coated-platelet assay were not aware of the clinical diagnosis corresponding to the blood sample analyzed.
Statistical Analyses
Data were analyzed using SAS (SAS System for Windows, ver. 9.1, SAS Institute, Cary, NC, USA) and SPSS (SPSS for Windows, rel. 15.0, SPSS, Chicago, IL, USA). Descriptive statistics were used to summarize the distribution of baseline patient and clinical characteristics. Subjects were grouped into tertiles of the observed coated-platelet level distribution. The categorization approach was defined a priori to allow for nonlinear associations between coated-platelet level and the risk of stroke recurrence. The distributions of baseline characteristics were compared among the three coated-platelet groups using analysis of variance for continuous measures or a w 2 test (or Fisher's exact test for low expected cell counts) for categorical measures. A Pearson correlation coefficient was calculated to quantify the strength of the linear association between coated-platelet levels and the time elapsed from the onset of symptoms to the time of the blood draw.
Subjects were recruited over a 39-month period (15 October 2007 to 15 January 2011) and analyses were based on follow-up data gathered as of 1 May 2011. Maximum follow-up for a given subject was 12 months. The median length of follow-up was compared among groups using a Kruskal-Wallis test. Distributions of time to recurrent stroke were estimated for subgroups of subjects using cumulative incidence curves, which were calculated using the Kaplan-Meier method, and compared using a logrank test, where the size of the asymptotic test is expected to be correct given the equal sizes (n ¼ 60) in each coated-platelet tertile. 24 Stroke recurrence and death were considered as separate events. The time to recurrence was censored at the 12-month follow-up visit or the end of study follow-up, whichever came first, for subjects who did not experience a stroke recurrence during follow-up. In addition, the time to recurrence was censored at the time of death for subjects who died before experiencing a stroke recurrence. A two-sided, Bonferroni-adjusted a level of 0.0167 was used when making all pairwise comparisons among the coated-platelet tertile groups, but was otherwise set at a two-sided 0.05 level. Univariate and multivariate regression models adjusting for confounding factors were not fit given the small number of observed events (recurrent stroke) in the lowest tertile. 25 A total sample size of 180 subjects with a maximum follow-up of 12 months was targeted to achieve 480% power to detect a difference in the time-to-recurrence distributions between pairs of groups defined by tertiles of coated-platelet levels, where the lowest and highest risk groups have a 12-month recurrence rate of 2% and 25%, respectively, using a logrank test and a two-sided 0.0167 a level. The event rate estimates were based on our previously published research data on coated-platelet levels in ischemic stroke. 10, 11 Sample size calculations were performed using PASS software (NCSS, LLC, Kaysville, UT, USA). 26 
RESULTS
Of the initial 190 subjects, follow-up data are available for 180 (95%) and subsequent analyses are based only on subjects with follow-up data. Table 1 lists demographic variables, relevant comorbidities, and pertinent medications for all nonlacunar ischemic stroke patients with follow-up (n ¼ 180). The mean coated-platelet level for the entire group was 40.3% (s.d. 13.3%), with a minimum of 9.6% and maximum of 69.7%, consistent with our previous data regarding the distribution of coated-platelet levels in patients with nonlacunar ischemic stroke. 10, 11 Stroke patients included 46 women and 134 men ( Table 1) . Of these patients, 104 were veterans of the United States armed forces resulting in an over-representation of men, a consequence of the military composition during the time these veterans served.
Follow-up among subjects who did not develop a recurrent stroke and did not die ranged from 3 months, driven by the time lag between recruitment of the last subject and the study closure date, to 12 months, the maximum patient follow-up period, with a median follow-up of 12 months. Among the 180 subjects with follow-up information, 26 (14%) died without a prior recurrence, 19 (11%) experienced a recurrent stroke and remained alive during the follow-up period, 1 (o1%) experienced a recurrent stroke and later died during the follow-up period, and 134 (74%) did not experience a recurrence and did not die over the entire follow-up period. Among the 20 subjects who experienced a recurrent stroke, 12 were either still admitted (n ¼ 4) or were readmitted to our medical center (n ¼ 8) and 8 were admitted to other medical facilities. Baseline demographic, medication use, and medical history characteristics were not significantly associated with the time-to-recurrence distributions, with the exception of a history of large artery disease, which was associated with a higher risk of recurrence (P ¼ 0.040) ( Table 1) .
Subjects were categorized into tertiles based on the observed coated-platelet distribution (9.6% to 34%, 34.1% to 46%, and 46.1% to 69.7%). Median follow-up duration among subjects who did not develop a recurrence and remained alive was not significantly different among the coated-platelet level groups (P ¼ 0.15). Table 2 summarizes the distribution of patient characteristics, including use of medications that may influence coated-platelet levels (SSRIs, statins, or antiplatelet medications), 1, 7, 8 at baseline according to coated-platelet tertile. There were no significant differences among the groups in terms of baseline characteristics. Table 3 summarizes the use of medications that may influence coated-platelet levels (listed above), and additional treatments, such as anticoagulation or surgical/endovascular treatment for stroke prevention, all recorded at the time of discharge according to coated-platelet tertile. There were no significant differences among the groups in terms of these parameters at discharge. No significant linear correlation was found in stroke patients between coated-platelet levels and the time elapsed from the onset of symptoms of the initial stroke to the time of the blood draw (r ¼ 0.06, P ¼ 0.4).
The cumulative incidence of recurrent stroke for all patients (n ¼ 180) increased from 9% (95% confidence interval (CI): 5% to 14%, n ¼ 15 recurrences) at 3 months to 11% (95% CI: 7% to 16%, n ¼ 18) at 6 and 9 months, and to 12% (95% CI: 8% to 19%, n ¼ 20) at 12 months (Figure 1) .
The estimated cumulative incidence of recurrent stroke according to coated-platelet tertile is presented in Figure 2 . A total of 9 subjects in the highest (n ¼ 60) and 10 subjects in the middle (n ¼ 60) coated-platelet tertile groups experienced a recurrent stroke during the follow-up period, resulting in a cumulative incidence of recurrent stroke at 12 months of 17% (95% CI: 9% to 31%) and 18% (95% CI: 10% to 32%), respectively ( Table 4 ). In contrast, only one subject with a coated-platelet level in the lowest tertile (n ¼ 60) experienced a recurrent stroke, resulting in a cumulative incidence of recurrent stroke at 12 months of 2% (95% CI: o1% to 11%) ( Table 4 ). The time-torecurrent stroke differed significantly among the coated-platelet level tertiles (overall log-rank test, P ¼ 0.019). Pairwise comparisons, using an adjusted a level of 0.0167, suggest that the risk of recurrent stroke is higher among subjects in the highest or middle coated-platelet tertile compared with those in the lowest tertile (P ¼ 0.0075 and P ¼ 0.0052, respectively) and that the risk does not differ significantly between subjects in the middle and highest tertile groups (P ¼ 0.88).
The cumulative incidence of death due to all causes at 12 months in all patients (n ¼ 180) was estimated to be 16% (95% CI: 11% to 22%, n ¼ 27 deaths). Because different mortality rates across tertiles could explain differences in stroke risk (competing causes), the cumulative incidence of stroke recurrence was estimated and compared among coated-platelet groups with death due to all causes considered as a competing event for stroke recurrence. Estimated differences in the cumulative incidence of recurrent stroke among the coated-platelet level groups were similar between the scenarios when death was considered as a competing event and when death was not considered a competing event. P value comparing the time-to-recurrence distribution between groups defined by the indicated characteristic at baseline using the log-rank test. Age comparison is between groups above and below the median (64 years) and race/ethnicity comparison is between Caucasians and all others.
DISCUSSION
The current study indicates that higher levels of coated-platelets are associated with stroke recurrence in patients with an initial nonlacunar ischemic stroke. The risk of recurrent stroke was higher in those patients with coated-platelet levels in the highest and middle tertiles compared with those in the lowest tertile, even though the risk of recurrence for the group as a whole was similar to that reported in the literature. 23 These differences are not likely due to confounding variables given the balance in demographic and clinical factors among the coated-platelet groups, although confounding could not be formally addressed given the small number of recurrences observed in the lowest tertile. The association between increased coated-platelet production and stroke recurrence in nonlacunar stroke patients is consistent with the prothrombotic potential of these activated platelets. 1, 10 The phenotypic differences between coated-and noncoated-platelets center on the presence of bound procoagulant proteins on the coated-platelet surface. 2 The presence of these procoagulant proteins is responsible for the prothrombinase activity associated with coated-platelets but not with noncoated-platelets. Furthermore, the activated fibrinogen receptors on coated-platelets are occupied 2 and not available for ligand-dependent binding/aggregation with noncoated-platelets. 2 The biochemical distinctions responsible for these phenotypic differences include mitochondrial depolarization 4 and serotonin derivatization of a-granule proteins, 2 two events not observed with noncoated-platelets. When the current observations are coupled with the previous findings of low coated-platelet levels in spontaneous intracerebral hemorrhage and early hemorrhagic transformation, [11] [12] [13] an attractive hypothesis emerges: coated-platelet levels may help identify ischemic stroke patients with a higher risk for recurrence and a lower risk for hemorrhagic complications. These patients may prove to benefit from more aggressive secondary prevention strategies. 27, 28 Conversely, coated-platelet levels may also identify those patients at greater risk for hemorrhagic complications as a result of aggressive antiplatelet treatment and thereby avert untoward consequences noted in previous trials assessing the efficacy of combination antiplatelet treatment in stroke prevention. [28] [29] [30] [31] [32] Limitations of this study include a relatively modest number of recurrent strokes, a larger percentage of men than women, crosssectional measures of coated-platelet levels and the exclusion of patients who received thrombolysis or were treated with anticoagulants for the current stroke before enrollment. Nevertheless, these results demonstrate an association between coatedplatelet levels and stroke recurrence in nonlacunar stroke patients, setting the stage for additional studies examining possible uses for coated-platelet determinations in the treatment of nonlacunar stroke patients. 
